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We show that the recent NANOGrav result can be interpreted as a stochastic gravitational wave
signal associated to formation of primordial black holes from high-amplitude curvature perturba-
tions. The indicated amplitude and power of the gravitational wave spectrum agrees well with
formation of primordial seeds for supermassive black holes.
Introduction – Strong evidence for a stochastic
common-spectrum process, that can be interpreted as
a stochastic GW signal, was found in the recent anal-
ysis of 12.5-year pulsar timing array (PTA) data col-
lected by the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav) [1]. NANOGrav ob-
serves a narrow range of frequencies around f = 5.5 nHz.
The potential GW signal can be fitted by a power-law
ΩGW ∝ fζ with an amplitude ΩGW(f = 5.5 nHz) ∈
(3 × 10−10, 2 × 10−9) and exponent ζ ∈ (−1.5, 0.5) at
1σ confidence level and with a small positive correlation
between the amplitude and the exponent.
One possible source for a stochastic GW background
at those frequencies are supermassive black hole (SMBH)
binary inspirals [2], which give ΩGW ∝ f2/3. Their
merger rate and therefore the amplitude of the GW sig-
nal that they will generate has, however, large uncer-
tainties. Alternatively, instead of being astrophysical, a
strong stochastic GW background at nanoHerz frequen-
cies can originate from cosmological sources. For exam-
ple, the NANOGrav result has been recently interpreted
as a signal from cosmic strings [3, 4].
PTA experiments are sensitive to parts of the sec-
ondary GW background associated with the produc-
tion of planetary mass or heavier primordial black holes
(PBHs) from large curvature perturbations.1 They may
therefore probe to two open problems: First, it is so
far unknown whether the black hole (BH) binaries ob-
served by the LIGO/Virgo collaboration [5–7] are of as-
trophysical or primordial origin. Although scenarios in
which PBHs in the solar mass range comprise all of DM
are heavily constrained [8–10], they might still account
for the LIGO/Virgo BH mergers when they make up
about 0.1% – 10%. [9–13]. Second, PBH heavier than
103M can provide a possible origin for the seeds of
SMBHs [14–16] and act as generators for cosmic struc-
tures [16]. In particular, the origin of SMBH has been a
long-standing problem in astrophysics as, although their
existence at the center of most galaxies has been well es-
tablished [17–19], their astrophysical production seems to
1 We note that PTAs cannot probe the mass window below
10−10M in which PBHs may constitute all dark matter, as
the formation of these corresponds to much higher frequencies.
require super-Eddington accretion [20] or direct collapse
into intermediate mass BHs [21]. In the PBH scenario,
even a small abundance of heavier than 103M PBH can
provide the seeds for the SMBH.
In this Letter we interpret the NANOGrav result as a
stochastic GW background associated to PBH formation
from high-amplitude peaks in the primordial curvature
power spectrum. We consider three different well moti-
vated shapes for a peak in the curvature power spectrum
and, assuming the standard radiation dominated expan-
sion history, we calculate the secondary GW spectrum
and the corresponding PBH abundance and mass func-
tion.
Peaks in the curvature power spectrum – In order
to perform our analysis in a model independent fashion,
we consider three different shapes for the peak in the
curvature power spectrum. First, the simplest idealized
case is described by the delta function
Pδ(k) = Ak∗δD(k − k∗) , (1)
where δD denotes the Dirac delta function, k∗ the posi-
tion of the peak and A its amplitude.
Second, typical peaks generated in single field infla-
tion [22, 23] can be approximated by a broken power-law
PPL(k) = A α+ β
β(k/k∗)−α + α(k/k∗)β
, (2)
where α, β > 0 describe respectively the growth and de-
cay of the spectrum around the peak. In single field mod-
els where a peak is generated via a quasi inflection point,
one typically has α . 4 [23, 24]. Additionally, it follows
that β & 0.5, if the curvature power spectrum generated
between the end of inflation and the peak obeys a power
law.2 As a benchmark case we take in the following α = 4
and β = 0.6.
Third, we consider a log-normal peak with an expo-
nential UV cut-off,
PLN(k)=A exp
[
β
(
1− k
k∗
+ln
(
k
k∗
))
−α ln2
(
k
k∗
)]
,
(3)
2 This follows from kend < 10
23Mpc−1 and PPL(kend) <
H2inf/(8piM
2
P) < 2.5 × 10−11 [25] and a peak with A < 0.05
at k∗ > 104Mpc−1.
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FIG. 1. The SIGW spectrum for the curvature power spectra
given in Eq. (1), (2) and (3). The dashed lines indicate the
1σ NANOGrav region ζ ∈ (−1.5, 0.5).
where α, β > 0. For example, with α = 0.17 and β = 0.62
this shape fits well the peak obtained in two-field inflation
considered in Ref. [26], and we therefore use these values
as a benchmark case.
From a theoretical perspective, peaked primordial
power spectra required for producing above planetary
mass PBH are likely not realised by the simplest infla-
tionary models as such models producing tend to gener-
ate a too low spectral index ns for the CMB [22, 26, 27].
This can be attributed to the short period of ∆N ≤ 20
e-folds, between the peak and CMB fluctuations, which
in the case of a wide range of single field scenarios would
produce ns = 1−O(1)/∆N . 0.95 [27] in strong tension
with CMB observations ns = 0.966(4) [25]. However,
such issues can be avoided by sharp features in the scalar
field evolution, e.g. sudden turns in the two field space.
Scalar induced GWs – Curvature perturbations in-
duce formation of GWs at second order from mode
coupling [28–32]. Recently these scalar-induced GWs
(SIGWs) have been extensively studied, and the
prospects for observing them have been considered in
Refs. [23, 33–38].
During radiation domination GWs decouple from
scalar perturbations soon after horizon crossing and their
abundance reaches a constant value. In Ref. [39] (see
also Refs. [40, 41]) it was shown that the observable
SIGW background produced during radiation domina-
tion is gauge independent. Their spectrum today is given
by [39, 42]
ΩGW(k) = 0.387 ΩR
(
g4∗,sg
−3
∗
106.75
)− 13
1
6
∫ 1
−1
dx
∫ ∞
1
dyP
(
x− y
2
k
)
P
(
x+ y
2
k
)
F (x, y) , (4)
where ΩR = 5.38× 10−5 is the radiation abundance [43], the effective number of degrees of freedom are evaluated at
the moment when the constant abundance is reached, roughly coinciding with the horizon crossing moment, and
F (x, y) =
288(x2 + y2 − 6)2(x2 − 1)2(y2 − 1)2
(x− y)8(x+ y)8
×
[(
x2 − y2 + x
2 + y2 − 6
2
log
∣∣∣∣y2 − 3x2 − 3
∣∣∣∣)2 + pi24 (x2 + y2 − 6)2θ(y −√3)
]
.
(5)
Examples of different SIGW spectra are shown in
Fig. 1. The amplitude of the spectrum depends very
weakly on k∗; only through the effective number of de-
grees of freedom. In Fig. 1 we used k∗ = 3.6 Mpc−1 which
corresponds to the temperature T ≈ 0.2 GeV. The po-
sition of the peak on ΩGW is determined by k∗ and its
amplitude inherits its scaling from the curvature power
spectrum peak as ΩGW ∝ A2. For a power-law curvature
power spectrum P ∝ kζ/2, the SIGW spectrum behaves
as ΩGW ∝ kζ .
PBH formation – Consider a fluctuation with a density
contrast δ at a comoving scale k. In a radiation domi-
nated Universe an overdensity for which δ is larger than
a threshold value δc part of the horizon mass,
Mk ≈ 1.4×1013M
(
k
Mpc−1
)−2 (g4∗,sg−3∗
106.75
)−1/6
, (6)
where MP is the Planck mass and Hk, g∗, and g∗,s denote
the Hubble rate and the effective number of relativistic
energy and entropy degrees of freedom, collapses to a
BH almost immediately when the scale k re-enters hori-
zon [44]. The value of the critical density contrast has
been studied by numerical simulations [45–47]. Following
Ref. [47] we use δc ' 0.42.
Taking critical scaling of the produced PBH mass [48–
50] into account, the fraction of the total energy density
3that collapses into BHs with mass M can be estimated
using the Press-Schechter formalism [49, 51]
βk(M) =
κ
γ
q1+1/γPk(δk(M)) , (7)
where q = M/κMk, δk(M) = δc + q
1/γ , κ ' 3.3 [52],
γ ' 0.36 [53], and Pk(δ) denotes the distribution of the
perturbations. We assume that the latter to be Gaussian,
Pk(δ) =
1√
2piσk
exp
(
− δ
2
2σ2k
)
, (8)
with the variance σ2k is given by the smoothed density
contrast,
σ2k =
(
4
9
)2 ∫ ∞
0
dk′
k′
e−k
′2/k2
(
k′
k
)4
P(k′) . (9)
At the present day the mass function of PBHs normalised
to the total PBH abundance,
∫
d lnMψ(M) = ΩPBH is
ψ(M) ' 2× 10
−12
γ
M
M
∫
dk k2
Mpc−3
q1/γPk(δk(M)) .
(10)
By numerical fits we find that the PBH mass function
for the curvature power spectra (1), (2) and (3) is roughly
of the form
ψ(M) ∝M1+1/γe−c1(M/M˜)c2 , (11)
where c1 is fixed such that M˜ = 〈M〉, and c2 ' 2 de-
pends mildly on the amplitude of the peak. The low
mass tail is dominated by PBHs forming close to the
threshold and is thus determined by the details of the
critical collapse [49]. The heavier tail gets exponentially
suppressed as density perturbations capable of producing
heavier PBHs become exponentially more unlikely. The
abundance of PBHs and their mean mass are
ΩPBH ' cΩAe−cA/A k∗/Mpc−1 ,
〈MPBH〉 ' cMAc′MMk∗ .
(12)
where cΩ ' 10, cA ' 1, cM ' 3 and c′M ' 1/3. In the
following we show the PBH abundance relative to the
observed dark matter abundance, fPBH ≡ ΩPBH/ΩDM,
where ΩDM = 0.26 [43].
Results – The first five bins of the NANOGrav analysis,
for which a power-law fit is provided in [1], are in the
narrow frequency range f/Hz ∈ (2.5× 10−9, 1.2× 10−8).
Therefore, we expand the predicted spectrum around
k0 = 2pi × 5.5 nHz = 3.6× 107 Mpc−1 as
ΩGW ' ΩGW,0 (k/k0)ζ (13)
and compare the experimental ranges for the parameters
ΩGW,0 and ζ ≡ d ln ΩGW(k0)/d ln k with the theoretical
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FIG. 2. The thick black solid and dashed contours show the
1σ and 2σ ranges for the power ζ and amplitude ΩGW(f =
5.5 nHz) of the GW spectrum indicated by the NANOGrav
results [1]. The thin solid, dashed and dotdashed show the
PBH abundance fPBH, and the color coding shows the mean
mass of the PBH mass spectrum. The gray regions are ex-
cluded by overproduction of PBHs, fPBH > 1.
predictions for SIGW from given primordial curvature
spectra.
The SIGW spectrum has a flat region around k ∼ k∗
and can thus provide a decent fit for the shape of the
NANOGrav signal. Around the peak ΩGW ' 10−5A2,
while from Eq. (12) we see that for k∗ = k0 PBHs will
comprise a significant fraction of DM if A ' 0.05. This
implies ΩGW ' 10−8 which is in more than 2σ tension
with the NANOGrav analysis, as can be seen from Fig.
2. For that we have fixed k∗ and A such that the expan-
sion (13) holds around k = k0, which, for a given shape of
the curvature power spectrum peak, fix the PBH abun-
dance and mass function. The thick contours instead
show the 1σ and 2σ confidence level regions indicated
by the NANOGrav results, obtained by a simple trans-
formation [3] from the power-law fit to the five lowest
frequency bins presented in [1]. We see that the PBH
abundance in the 2σ region is very small fPBH  1, and
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FIG. 3. The thick black solid and dashed lines indicate the
1σ and 2σ ranges for the amplitude ΩGW(f = 5.5 nHz) at ζ =
−1.2. The thin solid, dashed and dotdashed show the PBH
abundance fPBH ≡ ΩPBH/ΩDM, and the color coding shows
the mean mass of the PBH mass function, assuming a power-
law peak in the curvature power spectrum (2) with α = 4
and β = 0.6. The region left of the red line is excluded by the
COBE/Firas results on CMB µ-distortions. The green band
indicates the values compatible with SMBH seed formation
and the red star shows the PBH scenario for the LIGO/Virgo
GW events.
at most fPBH ∼ 10−6 is reached at the boundary of the
2σ region for a δ-function spectrum.
Due to the experimental uncertainties in the slope, it is
possible that the peak of the SGWB spectrum lies away
from the NANOGrav range, especially if the SIGW spec-
trum has relatively flat tails. For the δ-function and log-
normal benchmark curvature spectra the tails are too
steep and the slopes compatible with the NANOGrav
range are near the peak of the spectrum. However, as can
be seen from Fig. 1 for the broken power-law benchmark
case the slope of the high frequency tail, ζ = −2β = −1.2,
is within the 1σ region. Therefore, we can find k∗ far
enough of k0 such that the amplitude of the curvature
power spectrum at the peak is sufficiently high to pro-
duce a large abundance of PBHs but at k0 the amplitude
of the induced GW spectrum is within the NANOGrav
range.
We demonstrate this in Fig. 3 from which we see that
in this case fPBH = 1 can be reached within the 1σ re-
gion and the produced PBHs, for which fPBH is sizeable,
are heavy, 〈MPBH〉 >∼ 100M. The CMB µ distortion
observations [54, 55] exclude the region left from the red
line, bounding the PBH mass to 〈MPBH〉 <∼ 104M.
As was outlined in the introduction, there are two
PBHs scenarios with a particular phenomenological rele-
vance:
• The primordial origin for the LIGO/Virgo BH mergers
requires a distribution of PBH with [9]
fPBH ∼ 0.01, 〈MPBH〉 ≈ 20M (14)
and a narrow width of the PBH mass function. As in-
dicated by the red star in Fig. 3, we find that scenarios
with broken power-law peaks would require a SIGW
background that is too strong to be consistent with
the NANOGrav signal.
We remark, that changing the shape of the primordial
curvature power spectrum is unlikely to relieve this
tension. Since the allowed values of A decrease with
ζ, picking a bigger value for β would not increase the
scale k∗ sufficiently so that a sizeable fPBH would be
within the 2σ region. Therefore, and because very flat
peaks in the curvature power spectrum are not easily
obtained from the model building point of view, we find
it unlikely that the NANOGrav result could be related
to the PBH scenario for the LIGO/Virgo events.
• For the primordial origin for SMBH seeds we assume a
mass range of MPBH ∈ (103, 106)M [14]. To roughly
estimate the required seed abundance, we assume that
the SMBHs comprise about 0.025% of the stellar mass
in their host galaxies [56], while stars make up a frac-
tion of about 1% of the Universes matter content [57],
implying that the total SMBH density is about a fac-
tor of 106 smaller than the DM density. Using 107 as a
representative value for the SMBH mass, we then find
that the primordial seeds can be characterized by
fPBH ∼ 10−13〈MPBH〉/M, 〈MPBH〉 > 103M. (15)
As seen from Fig. 3, there is a range that is consistent
with the NANOGrav signal and the constraints from
µ-distortion of the CMB, and implies production of a
sufficiently large abundance of primordial SMBH seeds.
We remark that this scenario can be tested by future
PIXIE like experiments [58].
Conclusions – We showed that the NANOGrav re-
sult can be interpreted as a signal from PBH forma-
tion from peaks in the curvature power spectrum. We
found that the secondary GW backgrounds consistent
with NANOGrav will, in general, correspond to the pro-
duction of a negligible amount of PBH dark matter and
cannot be related to the PBH scenario for LIGO/Virgo
merger events. Nevertheless, the NANOGrav signal
agrees well with scenarios in which PBHs provide the
seeds of supermassive black holes.
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